Introduction
============

Roots of the vast majority of plant species develop symbiotic associations with arbuscular mycorrhizal (AM) soil fungi. Fungal hyphae develop in the root cortex where they form intracellular highly branched structures called arbuscules, and simultaneously in the soil where they form a dense mycelial network. Within the root the plant supplies the fungus with hexoses, at a cost of up to 20% of the carbon fixed by photosynthesis ([@bib53]). In return, it obtains water and minerals taken up from soil by the mycelial network. The main benefit of the symbiosis for the plant is an enhanced acquisition of phosphorus (P), a frequent limiting factor in plant growth due to its poor solubility and mobility in soils.

Despite the importance of AM symbiosis, cellular and molecular events underlying this interaction are only beginning to be unravelled ([@bib45]). Direct genetic screens to identify mycorrhizal (myc^−^) mutants are extremely cumbersome. As a result, most myc^−^ mutants in fact belong to a subset of mutants initially isolated as deficient in nitrogen-fixing symbiosis, this latter interaction being easier to examine. A consequence of this bias is the relative scarcity of mutants affected in events unique to the AM symbiosis, including pre-colonization signalling and arbuscule development and function ([@bib36]). Nonetheless, several specific myc^−^ mutants have been identified in the past few years. They can be affected in different stages of the interaction as summarized in [@bib48]: pre-symbiotic fungal growth, formation of hyphopodia (root attachment and penetration structures, formerly referred to as appressoria), epidermal penetration, and arbuscule development (see also [@bib70]).

Various physiological situations are known to affect the development of AM symbiosis. For instance, plants control the extent to which AM fungi can colonize their roots according to their own nutritional requirements. The best known example of such regulations is the control of AM symbiosis according to P availability. Roots can acquire P as inorganic orthophosphate (Pi) through different pathways ([@bib11]). In certain conditions the mycorrhizal uptake pathway, which involves specific Pi transporters ([@bib49]; [@bib27]; [@bib47]), can be the major route for P uptake ([@bib54]). When P is abundant, a direct, probably less costly uptake pathway is preferred ([@bib39]), and a reduced root colonization by AM fungi is observed. This down-regulation of the symbiosis by P has been known for a long time ([@bib24]; [@bib56]; [@bib18]; [@bib49]; and many others). It seems to be a general phenomenon, although its magnitude can vary ([@bib29]; [@bib53]). It has far-reaching consequences in natural ecosystems where it modulates the effect of AM fungi on plant species diversity ([@bib13]), as well as in agriculture where strong P fertilization may in the long term decrease the presence and richness of soil AM communities ([@bib30]).

Little is known about mechanisms underlying the regulation of AM symbiosis by P. A recent study ([@bib10]) has documented this down-regulation in *Medicago truncatula*, and investigated the identity of the internal signal that triggers suppression of the interaction under high P. Nonetheless, the downstream mechanisms that prevent or limit root colonization by AM fungi remain largely unknown. Early studies led to conflicting results and interpretations, partly due to the variety of species combinations and experimental systems. Some of these early studies interpreted the impact of high P on the fungus in terms of trophic effects: high P would decrease the root secretion of metabolites used by the fungus, such as amino acids or carbohydrates (e.g. [@bib24]; [@bib56]). An alternative proposition was that qualitative rather than quantitative differences between root exudates of P-replete and P-deficient plants could account for their differential effects on the fungus ([@bib18]). This led to the suggestion that P-deprived roots exuded important flavonoid signals that triggered pre-symbiotic fungal growth and activity ([@bib40]). Advances made in the last 10 years have indeed emphasized the importance of signalling events in mycorrhizal interactions, and the recent identification of some signals may shed new light on the regulation of AM symbiosis by P.

Plants and AM fungi are known to exchange molecular signals prior to physical contact, at the so-called pre-symbiotic stage. Various lines of evidence indicate that AM fungi produce diffusible compounds able to modulate root gene expression ([@bib32]; [@bib64]), intracellular signalling ([@bib42]; [@bib33]), development ([@bib43]), and metabolism ([@bib26]). Reciprocally, plant roots secrete compounds that stimulate the fungus ([@bib20]; [@bib52]; [@bib58]; [@bib22]; [@bib12]). A group of secondary metabolites called strigolactones were identified as major contributors to this effect ([@bib2]; [@bib5]). Strigolactones trigger morphological and developmental responses in the fungus such as hyphal branching and spore germination, and enhance fungal mitochondrial activity and respiration ([@bib5], [@bib4]). Strigolactone-mediated signalling is necessary for a normal level of root colonization, as demonstrated using strigolactone-deficient mutants ([@bib23]). Most interestingly, these root-exuded compounds also play an important role *in planta*, acting as hormones that contribute to the regulation of shoot branching ([@bib23]; [@bib60]).

Prior to the discovery of their roles in AM symbiosis and plant development, strigolactones were known as germination stimulants for the seeds of the parasitic plants *Striga* and *Orobanche* ([@bib8]). Damage caused to crops by these weeds is lower under strong nutrient fertilization, which led to the investigation of whether P availability influenced strigolactone release into the soil. Indeed, several studies demonstrated a strong negative effect of high P supply on strigolactone production and exudation in various species ([@bib67], [@bib67]; [@bib35]). A reasonable hypothesis is that high P availability would decrease the extent of AM symbiosis by reducing strigolactone production in roots ([@bib8]; [@bib67]).

In this report, P fertilization conditions which lead to an almost complete arrest of the first stages of the interaction between pea (*Pisum sativum* L.) and two species of AM fungi are described. This strong effect is at least partly linked to regulatory events occurring in the plant partner, as shown by split-root experiments. Furthermore, it is demonstrated that like root colonization, strigolactone production is controlled in a systemic manner by P supply. Hence, strigolactones may contribute to the regulation of AM symbiosis by P, but supplementation experiments indicate that they are not the only factor involved.

Materials and methods
=====================

Plant and fungal materials
--------------------------

Seeds of garden pea (*Pisum sativum* L., cv Terese) were surface sterilized with 3.2% sodium hypochlorite for 10 min and 95% ethanol for 2 min, and washed four times with sterile distilled water. Seeds were germinated on agar--water \[0.8% (w/v)\] solid medium for 4 d at 25 °C.

*Gigaspora rosea* spores (DAOM 194757) were produced and surface sterilized as described in [@bib5]. Sterile *Glomus intraradices* spores (DAOM 197198) were purchased from Premier Tech Ltée (Rivière du loup, Québec, Canada) or produced according to [@bib55].

Growth and inoculation of plants
--------------------------------

Plants were grown in a growth chamber under a 16 h photoperiod (22 °C day, 20 °C night), in pots containing sterilized charred clay (Oil-Dri, Klasmann, France) as substrate. They were fertilized daily with half-strength Long Ashton Nutrient Solution (LANS; [@bib28]) containing a final concentration of 7.5 μM (low P; LP), 75 μM (medium P; MP), or 750 μM (high P; HP) sodium dihydrogen phosphate (NaH~2~PO~4~). Phosphate was supplied as KH~2~PO~4~ instead of NaH~2~PO~4~ in two experiments.

For the determination of mycorrhizal ability, germinated seedlings were transferred to 250 ml pots. They were inoculated with 150 or 600 spores of *Gl. intraradices*, or 100 spores of *Gi. rosea*. Two-thirds of the spores were mixed with the substrate and one-third was added close to the seedling. The percentage of root length colonized by the fungus (i.e. showing arbuscules, vesicles, or both) was determined by the gridline intersection method ([@bib21]) using a dissecting microscope after staining with Schaeffer black ink ([@bib63]). For the quantification of early symbiotic structures, roots were handled very carefully during rinses and staining to avoid tearing off hyphae from the roots. For each plant, 60 randomly picked 1 cm long root fragments mounted on glass slides were examined under a microscope at ×40 magnification, and hyphopodia were counted.

For split-root experiments, sterile seedlings were grown on solid medium (nutrient solution solidified with 0.4% phytagel) until radicles were ∼2 cm long. The root apex was cut off and the primary root was divided lengthwise into two equal parts. Seedlings were kept on solid medium for another week during which lateral roots developed on both sides of the split root. They were then transferred to two-compartment pot systems with 150 ml of substrate per compartment. Each compartment was inoculated with 90 spores of *Gl. intraradices* mixed with the substrate. Following plant harvest, root fresh weight was determined and plants for which one side of the root system was \>2-fold heavier than the other side were excluded from the analysis.

Preparation of root exudate extracts
------------------------------------

Three-week-old non-inoculated plants fertilized with LP or HP nutrient solution were removed from the substrate. Their roots were rinsed and immersed in the same nutrient solution for 24 h. Exudates were extracted with 1 vol. of ethyl acetate, then the organic phase was treated with 1 vol. of 0.2 M K~2~HPO~4~. Residual water was removed with anhydrous MgSO~4~, and ethyl acetate extracts were filtered and dried under vacuum. Exudate extracts were resuspended in the appropriate solvents for branching bioassays or mass spectrometry analysis, and their concentration was adjusted on a root dry weight basis.

Determination of P contents
---------------------------

Inorganic phosphate (Pi) content was measured using the colorimetric method based on molybdenum blue described in [@bib41]. The only modification was that plant tissues were ground in perchloric acid using a FASTPREP^®^ system (MP Biomedicals) with lysing matrix A.

*Gigaspora rosea* hyphal branching bioassay
-------------------------------------------

Spores of *Gi. rosea* were germinated on solid M medium ([@bib3]) as described in [@bib5]. Root exudate extracts produced by the equivalent of 120 mg of root dry weight were resuspended in 1 ml of 10% (v:v) acetonitrile. Samples of 5 μl were applied on both sides of the main hypha of a 6-day-old germinated spore. Newly formed apices were counted 48 h after treatment. The experiment included spores treated with 10% acetonitrile (negative control) and with 100 nM GR24 in 10% acetonitrile (positive control).

For the experiment described in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) available at *JXB* online, spores were germinated on LP or HP half-strength LANS solidified with 0.7% high gel strength agar, and treated either with 100 nM GR24 or with the solvent only.

*Glomus intraradices* germination assays
----------------------------------------

The assays were carried out in 25-compartment plates. Four compartments were used for each treatment. In each compartment, 1 ml of a sterile suspension of *Gl. intraradices* spores at 30 spores ml^−1^ was added to 1 ml of sterile test solution. The test solutions corresponded to full-strength LP or HP LANS, so the final concentrations of nutrients were equivalent to those of the watering solutions. The nutrient solutions alone were tested, as well as the same solutions containing root exudate extracts (1 ml of test solution then contained root exudates produced by the equivalent of 1 mg of root dry weight). Plates were incubated at 30 °C under 2% CO~2~ in the dark. Spore germination rates were determined 5 d after treatment.

Chromatography and mass spectrometry analyses
---------------------------------------------

Root exudate extracts were dissolved in acetonitrile:water \[1:1 (v/v)\]. Strigolactone detection was performed using a 4000 Q Trap mass spectrometer with a Turbo V ESI source in the positive mode, coupled to an Agilent 1100 series HPLC system as described in [@bib23], except for the following modifications. HPLC separation was performed using a C18 column (5 μm, 2.1×250 mm, ACCLAIM 120C18, Dionex). Solutions of formic acid:water \[1:10^3^ (v/v); A\] and formic acid:acetonitrile \[1:10^3^ (v/v); B\] were pumped at 0.2 ml min^−1^. The gradient was: 50% B for 5 min, 50--70% B in 5 min, 70% B for 10 min, 70--100% B in 10 min, and 100% B for 5 min. The reported peak intensities correspond to extracts obtained with the equivalent of 75 mg of root dry weight. GR24 was added as an external standard to all samples at a final concentration of 100 nM. The two major pea strigolactones and GR24 were detected in the MRM mode by monitoring the transitions 405\>97 *m/z* and 405\>345 *m/z* for fabacyl acetate, 389\>233 *m/z* and 411\>254 *m/z* for orobanchyl acetate, and 299\>202 *m/z* for GR24.

Statistical analyses
--------------------

Results were analysed by analysis of variance (ANOVA) followed by Tukey\'s HSD test or Student\'s *t*-test using Statgraphics Centurion software (Sigma Plus). Data in [Figs 2, 3D, and 5](#fig2 fig3 fig5){ref-type="fig"} were subjected to logarithmic, cosine, and arc sine transformation, respectively, prior to analysis. Data in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) at *JXB* online were analysed by a Kruskal--Wallis test.

![Effect of phosphate fertilization on mycorrhizal root colonization. Plants inoculated with 600 spores of *Gl. intraradices* (grey bars) or 100 spores of *Gi. rosea* (white bars) were grown under low (LP) or high (HP) phosphate fertilization. The extent of root colonization was determined after observation of stained root samples as the fraction of root length showing arbuscules, vesicles, or both in the case of *Gl. intraradices*, and arbuscules in the case of *Gi. rosea*. Error bars show the SEM; *n*=5--6 plants when inoculated with *Gl. intraradices* and *n*=7--8 plants when inoculated with *Gi. rosea*. Different letters indicate statistically significant differences according to Student\'s *t*-test (*P* \<0.05).](jexboterq335f01_ht){#fig1}

![*Gigaspora rosea* hyphal branching in response to GR24, LP or HP root exudates. Germinated spores of *Gi. rosea* were treated with GR24 and/or root exudates of low (LP) or high (HP) phosphate-grown plants, or with the solvent alone as negative control (10% acetonitrile; AcN). Newly formed hyphal apices were counted 48 h after treatment. White bars, controls; grey bars, root exudates alone; black bars, root exudates+GR24. Error bars show the SEM; *n*=24--26 treated spores for each condition. Different letters indicate statistically significant differences according to one-way ANOVA followed by Tukey\'s test (*P* \<0.05).](jexboterq335f02_ht){#fig2}

![Mycorrhizal root colonization in split-root systems. (A) Experimental design. Each root system was divided into two parts placed in different pots to allow differential phosphate fertilization. Both sides were inoculated with 90 spores of *Gl. intraradices* and plants were grown for 6 weeks. Control plants were fertilized with the same solution on both sides. Results in B, C, and D correspond to the same plants. (B) Root colonization levels determined by observation of stained root samples. For control plants, colonization levels measured on both sides were averaged. (C, D) Inorganic orthophosphate (Pi) content in leaves (C) and roots (D). Error bars show the SEM; *n*=5--7 plants for each condition. Different letters indicate statistically significant differences according to one-way ANOVA followed by Tukey\'s test (*P* \<0.05).](jexboterq335f03_ht){#fig3}

![Systemic control of strigolactone production. Split-root plants were fertilized with low phosphorus (LP) on one side and high phosphorus (HP) on the other (LP/HP plants), or with the same solution on both sides (LP/LP and HP/HP plants). Root exudate extracts were analysed by LC-MS/MS in the MRM mode. The synthetic strigolactone analogue GR24 was added in equal quantity to all samples as an external standard. Chromatograms show the most abundant mass transition for each of the two major pea strigolactones, fabacyl acetate and orobanchyl acetate. Insets show the mass transition corresponding to the external standard GR24 (299\>202 *m/z*).](jexboterq335f04_3c){#fig4}

![Effect of strigolactone supplementation on root colonization. Plants inoculated with 150 spores of *Gl. intraradices* were fertilized daily with LP or HP nutrient solution, supplemented or not with 10 nM GR24. The extent of root colonization was determined by observation of stained root samples. Error bars show the SEM; *n*=7--8 plants for each condition. Different letters indicate statistically significant differences according to one-way ANOVA followed by Tukey\'s test (*P* \<0.05).](jexboterq335f05_lw){#fig5}

Results
=======

Experimental system
-------------------

Pea plants in interaction with *Gl. intraradices* have been used previously to determine the importance of strigolactones in AM symbiosis ([@bib23]). For the present study the main advantage of pea was that the strigolactones produced by this species are characterized ([@bib68]; [@bib66]) and readily detectable. To evaluate the effect of P supply on AM interactions, plants were fertilized with half-strength LANS ([@bib28]) containing different concentrations of P. The HP solution contained the normal concentration of phosphate of half-strength LANS---that is, 750 μM P. MP and LP corresponded to 10- and 100-fold lower phosphate concentrations, respectively. Plant growth evaluated by fresh weight was the lowest under LP, intermediate under MP, and maximal under HP ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) at *JXB* online). Therefore, HP fertilization provides sufficient but not excess P, while LP corresponds to P starvation conditions. Pea plants exhibited a remarkably strong mycorrhizal response to P fertilization ([Fig. 1](#fig1){ref-type="fig"}): when inoculated with *Gl. intraradices*, plants grown under LP exhibited colonization levels of ∼60%, while hardly any fungal structures could be observed in roots under HP (\<1% root length colonized). The effect of HP was also tested in the interaction between *P. sativum* and *Gi. rosea*, a fungus phylogenetically distant from *Gl. intraradices*. Root colonization levels were lower with *Gi. rosea* than with *Gl. intraradices* ([Fig. 1](#fig1){ref-type="fig"}). Similar observations have been reported in another legume, *Medicago sativa* ([@bib16]) and may reflect host preferences in AM interactions. Nonetheless, high P exerted a similarly strong negative effect on root colonization with both fungal species, suggesting that the regulation mechanisms involved are not fungus specific.

Mycorrhizal phenotype of plants grown under HP
----------------------------------------------

Plants seem to possess multiple checkpoints for mycorrhizal invasion, and the interaction can be stopped at distinct stages in various mutant backgrounds ([@bib48]). To determine at what stage the interaction was arrested under HP, inoculated roots were subjected to closer microscopic examination. This allows the observation of all fungal structures including hyphopodia, which are visible as flattened, lenticular hyphal tips attached to the root epidermal surface ([@bib19]). Like the frequency of arbuscules and vesicles reported in [Fig. 1](#fig1){ref-type="fig"}, the number of hyphopodia per unit of root length was markedly reduced under HP as compared with LP, in plants inoculated either with *Gl. intraradices* or with *Gi. rosea* ([Table 1](#tbl1){ref-type="table"}). Similar observations were made when P was supplied as NaH~2~PO~4~ or KH~2~PO~4~, indicating that the observed effect was not due to the phosphate counterion. It has to be noted that when present, hyphopodia, arbuscules, and vesicles in HP-grown roots could not be distinguished morphologically from those observed in LP-grown roots (results not shown). In an experiment with *Gl. intraradices*, roots were also observed at an earlier time point, 4 weeks post-inoculation (wpi). Again, the frequency of hyphopodia was much lower under HP than under LP. Under the present conditions, this time point corresponds to the very first stages of root colonization. (At 3 wpi no fungal structures can be observed on roots, and at 4 wpi the root colonization level is \<5%; data not shown. This slow progression of AM symbiosis establishment is most probably related to the inoculation with spores rather than with more infectious sources of inoculum.) Together, these results indicate that under HP the interaction was arrested prior to the formation of hyphopodia on the root epidermis.

###### 

Frequency of hyphopodia on inoculated roots

                                   Weeks post-inoculation        No. of hyphopodia m^−1^ root
  -------------------------------- ------------------------ ---- ------------------------------
  *Gl. intraradices* KH~2~PO~4~    6                        LP   112±42.4 a
                                                            HP   6.67±1.67 b
  *Gl. intraradices* NaH~2~PO~4~   4                        LP   38.8±5.42 a
                                                            HP   1.33±0.83 b
                                   6                        LP   42.9±2.67 a
                                                            HP   0.42±0.42 b
  *Gi. rosea* KH~2~PO~4~           7                        LP   61.7±10.63 a
                                                            HP   10.2±3.94 b

Plants inoculated with 150 spores of *Gl. intraradices* or 100 spores of *Gi. rosea* were grown under LP or HP with KH~2~PO~4~ or NaH~2~PO~4~ as phosphorus source. Data correspond to three independent experiments: one with *Gl. intraradices* and KH~2~PO~4~, one with *Gl. intraradices* and NaH~2~PO~4~, and one with *Gi. rosea* and KH~2~PO~4~. Root samples were examined microscopically 4, 6, or 7 weeks post-inoculation for the presence of hyphopodia. Values indicate the average number of hyphopodia per metre of root length, ±SEM. *n*=3--4 plants when inoculated with *Gl. intraradices* and *n*=7--8 plants when inoculated with *Gi. rosea* (60 cm of roots analysed per plant). Data were analysed separately for each experiment and time point. Different letters indicate statistically significant differences according to Student\'s *t*-test (*P* \<0.05).

Effect of P supply on pre-symbiotic signalling
----------------------------------------------

The possible involvement of diffusible signals acting at the pre-symbiotic stage was considered. Such signals could include activators or inhibitors of early fungal development. Germination rates of *Gl. intraradices* spores exceeded 96% within 5 d in LP and HP nutrient solutions alone, and in these solutions supplemented with extracts of root exudates prepared from LP- or HP-grown plants (data not shown). This suggests the absence of a negative impact of HP conditions on this process.

Hyphal branching activities of root exudates from HP- and LP-grown plants were then evaluated. This experiment was carried out on germinated spores of *Gi. rosea*, for which hyphal branching can more easily be observed. Root exudate extracts of LP-grown plants, as well as GR24, stimulated hyphal branching ([Fig. 2](#fig2){ref-type="fig"}). The combination of both treatments showed an additive effect. Root exudate extracts of HP-grown plants did not enhance hyphal branching relative to the control, which could be due either to the lack of stimulants or to the presence of inhibitors. The addition of GR24 to exudate extracts of HP-grown plants resulted in an activity similar to that of GR24 alone, suggesting that these extracts do not contain inhibitors of the strigolactone effect. Rather, they may lack important stimulants of hyphal branching.

Systemic control of AM symbiosis by P
-------------------------------------

The effect of HP fertilization on AM symbiosis reported above is unusually strong. This raises the possibility that, although HP conditions do not correspond to a very high phosphate concentration, they somehow disturb early fungal development (the reduced root colonization would then be a secondary effect of these perturbations). Indeed, AM fungi can sense and react to P availability ([@bib50]). As shown above, HP does not prevent germination of *Gl. intraradices* spores. Moreover, whether HP could prevent fungal responsiveness to GR24 was tested with the branching bioassay. *Gigaspora rosea* spores grown in LP or HP conditions responded equally well to GR24 ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) at *JXB* online), suggesting that P fertilization should not affect fungal ability to respond to strigolactones. To investigate further whether the early arrest of AM symbiosis could be due to a post-germination direct effect of HP on the fungus, split-root experiments were carried out in which two halves of a root system were fertilized independently. In the experimental set-up described in [Fig. 3A](#fig3){ref-type="fig"}, all compartments were inoculated with spores of *Gl. intraradices*. Test plants (denoted LP/HP) were watered with LP on one side and HP on the other. Both sides of control plants (denoted LP/LP and HP/HP) were watered with the same solution. In these control plants, colonization rates were comparable with those observed in intact plants---that is, high in LP and very low in HP (\<0.1% root length colonized; [Fig 3B](#fig3){ref-type="fig"}). The HP-watered roots of test LP/HP plants behaved like those of HP/HP plants, showing hardly any colonization. The most striking observation was that LP-watered roots of LP/HP plants were markedly less colonized than LP/LP plants (2% of root length versus 60%). In other words, root colonization on the LP side of LP/HP plants did not respond to local fertilization conditions but to the fertilization of a distant part of the plant. This systemic regulation indicates that the effects of HP are mediated by the plant in split LP/HP plants. This does not exclude the possibility that additional direct effects on the fungus contribute to the reduced root colonization in HP/HP or intact HP plants.

Pi contents were determined in roots and leaves of the same inoculated split-root plants ([Fig. 3C, D](#fig3){ref-type="fig"}). The results are expressed in micromol Pi g^−1^ fresh weight to reflect the actual availability of Pi in the different tissues \[NB: a high P supply resulted in increased root and leaf biomass in both LP/HP and HP/HP plants (results not shown), so the total amount of P taken up by these plants was higher than in LP/LP plants\]. The results in [Fig. 3C](#fig3){ref-type="fig"} and D show that LP/HP plants accumulated Pi in leaves rather than in roots, indicating that in these conditions leaves acted as a stronger sink than roots. Roots on the LP side displayed Pi contents similar to those of LP/LP plants, yet their colonization rates were much lower ([Fig. 3B](#fig3){ref-type="fig"}). Therefore, down-regulation of AM symbiosis is not triggered by root Pi content. In contrast, leaves of LP/HP plants accumulated Pi at levels comparable with HP/HP plants. It can thus be hypothesized that the low root colonization levels observed in both types of plants may be related to high leaf Pi contents.

Effect of P supply on strigolactone production in split-root systems
--------------------------------------------------------------------

Given that previous results point towards an effect of HP on early events in the AM interaction, that strigolactones are important pre-symbiotic signals ([@bib23]), and that their production is regulated by P supply ([@bib67], *b*; [@bib35]), it is reasonable to envisage that these compounds mediate the effect of HP. If such is the case, one would expect strigolactone synthesis to be systemically regulated by P, like AM symbiosis.

Root exudates obtained with split-root plants were analysed to address this question. The experimental set-up was similar to that described in [Fig. 3](#fig3){ref-type="fig"}, except that the plants were not inoculated. [Figure 4](#fig4){ref-type="fig"} shows LC-MS/MS chromatograms obtained with extracts of root exudates. In the MRM detection mode used, each line corresponds to an MS/MS mass transition characteristic of one of the two major strigolactones produced by pea: fabacyl acetate ([@bib66]) and orobanchyl acetate ([@bib68]). Two mass transitions were monitored for each strigolactone and gave a signal at the same retention time; for clarity only one transition is shown. Synthetic standards of these two strigolactones also eluted at the same retention times (data not shown), demonstrating that the monitored signals truly corresponded to strigolactones. GR24 was added in equal quantities to all samples as an external standard to visualize any possible artefacts due to sample loading or matrix effects. The signal obtained with GR24 was similar between samples, indicating that the amounts of other strigolactones in the samples could be appropriately compared. Chromatograms obtained with control LP/LP and HP/HP plants ([Fig. 4](#fig4){ref-type="fig"}) were similar to those obtained with intact plants grown under LP or HP (data not shown), and confirm the previously reported inhibitory effect of P supply on strigolactone production ([@bib67], *b*; [@bib35]). The analysis of root extracts rather than exudates led to similar observations (data not shown), indicating that the regulation occurs at the level of strigolactone biosynthesis rather than exudation. Furthermore, the HP side of LP/HP split-root plants barely produced detectable strigolactones, and therefore behaved as an intact HP root system. In contrast, the LP side of LP/HP plants produced much less strigolactone than control LP/LP plants ([Fig. 4](#fig4){ref-type="fig"}). This indicates that the HP side of these split-root plants negatively regulated strigolactone production on the LP side through systemic signalling.

Supplementation of HP-grown plants with exogenous strigolactones
----------------------------------------------------------------

The strong down-regulation of strigolactone synthesis by HP ([Fig. 4](#fig4){ref-type="fig"}) could account for the reduced root colonization ([Fig. 1](#fig1){ref-type="fig"}) and the absence of hyphal branching activity of root exudates ([Fig. 2](#fig2){ref-type="fig"}) observed under these conditions. To address this hypothesis, HP-grown plants were supplemented with exogenous strigolactones. The experimental conditions used (treatment with the synthetic strigolactone GR24, concentration and frequency of application) were previously demonstrated to be effective since they could rescue the mycorrhizal phenotype of strigolactone-deficient mutants ([@bib23]). This strigolactone treatment was also sufficient to enhance mycorrhizal symbiosis establishment in LP-grown plants inoculated with *Gl. intraradices* ([Fig. 5](#fig5){ref-type="fig"}). Surprisingly, root colonization of HP-grown plants was not improved by strigolactone supplementation. Similar observations were made for HP-grown plants inoculated with *Gi. rosea* (data not shown). Strigolactone treatment did not stimulate the formation of hyphopodia on HP-grown roots either: 5.0±1.7 hyphopodia m^−1^ of root were observed in treated roots versus 6.7±1.7 in untreated roots in plants inoculated with *Gl. intraradices*, and 6.04±1.31 in treated roots versus 10.2±3.94 in untreated roots in plants inoculated with *Gi. rosea*.

Discussion
==========

HP supply can strongly inhibit AM symbiosis
-------------------------------------------

The regulation of AM symbiosis by P supply has been observed repeatedly and is considered a general phenomenon. In contrast to most previous studies, however, the experimental conditions described in the present report lead to a clear-cut mycorrhizal phenotype under HP supply, since hardly any symbiotic structures are observed ([Fig. 1](#fig1){ref-type="fig"}). Similar effects of HP were observed with 150 and 600 *Glomus* spores per plant ([Fig. 5](#fig5){ref-type="fig"} and [Fig. 1](#fig1){ref-type="fig"}, respectively), indicating that a higher inoculum density was not able to circumvent the regulatory mechanisms. The discrepancy between the strong mycorrhizal phenotype reported here and the more moderate effects of P reported previously may relate to the plant species used, and/or to the experimental conditions: in this study, P was supplied daily in the nutrient solution, and plants were inoculated with spores rather than fragments of infected roots containing different kinds of propagules. Inoculation with spores, often regarded as less virulent, probably helps to reveal moderate phenotypes that could be masked with stronger sources of inoculum. For example, the *pmi1* mutant of tomato exhibits a severe phenotype when inoculated with spores, but is colonized normally when inoculated with mycorrhizal nurse plants ([@bib14]).

The effect of HP supply on AM symbiosis is partly mediated by the plant
-----------------------------------------------------------------------

Among the conditions tested, plant growth was maximal under HP conditions ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) at *JXB* online), which correspond to a moderate P supply (750 μM): in studies on P starvation responses, the P-replete condition usually falls in the 1--3 mM range \[e.g. [@bib7] on pea; [@bib61] on bean; [@bib44] on *Arabidopsis*\]. The HP nutrient solution does not exhibit toxicity towards the fungal partner, as evaluated by spore germination tests. It also does not seem to modify the ability of the fungus to respond to strigolactones ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1)). In addition, in split-root experiments the inhibition of root colonization can be observed in a compartment where the fungus is only exposed to LP ([Fig. 3](#fig3){ref-type="fig"}). This regulation of AM symbiosis through systemic signalling is consistent with previous reports (e.g. [@bib57]; [@bib49]). It shows that the very strong inhibition of root colonization triggered by HP in the present report involves plant-driven processes and is not only due to a direct effect of local P concentration on the fungus. Yet, the existence of such direct effects cannot be excluded.

HP supply arrests AM symbiosis in its first stages
--------------------------------------------------

Microscopic examination of root samples revealed that HP fertilization reduced the number of hyphopodia formed on the root epidermis. This represents a novel HP-related mycorrhizal phenotype. A straightforward interpretation is that HP prevents hyphopodium formation *per se*. Alternatively, one could imagine that defects in later symbiotic stages could also lead to a reduced number of hyphopodia; for example, an impaired progression of the fungus within roots could delay or reduce the number of secondary infection events, which would in turn result in a smaller number of attached external hyphae. Several arguments lead us to conclude that the block in AM symbiosis triggered by HP occurs prior to primary hyphopodium formation, rather than later in the symbiotic process. First, the steps of clearing and staining the roots prior to microscopic observation were performed with particular care to prevent possible stripping and loss of hyphopodia (particularly those that did not lead to root colonization). Second, similar observations were made at 4 and 6 wpi ([Table 1](#tbl1){ref-type="table"}). The first time point (4 wpi) corresponds to the very beginning of the infection process, when the first arbuscules become visible (\<5% root length colonized). Hyphopodia observed at this time point therefore most probably derived from primary hyphae of germinated spores, rather than from secondary infections. At this time point, a very strong effect of HP fertilization was already noted. Third, mutants affected in later stages of the interaction typically exhibit a normal (sometimes even higher) number of hyphopodia ([@bib9]; [@bib6]). Therefore, the present observations strongly suggest that HP conditions prevent either pre-symbiotic fungal development or attachment to roots.

In contrast to the formation of appressoria by pathogenic fungi, the differentiation of these attachment and penetration structures by AM fungi is still poorly understood. Plants grown under HP are reminiscent of tomato *pmi1* and *pmi2* ([@bib14], [@bib15]), and maize *nope1* and *taci1* mutants ([@bib46]), in which a reduced frequency of hyphopodia was observed. Unfortunately the genes affected by these mutations have not been identified yet. Nonetheless these mutants, together with the HP conditions described in the present report, should be useful to decipher the mechanisms involved in hyphopodium differentiation.

Different kinds of mechanisms could regulate the formation of hyphopodia under HP. One of them is the production by plant roots of stimulatory or inhibitory diffusible compounds. Candidate compounds include flavonoids, some of which have been reported to stimulate AM root colonization by enhancing the number of fungal entry points ([@bib51]). Polyamines have also been proposed to favour the formation of hyphopodia ([@bib17]). P availability also affects the production of compounds known to affect fungal development more generally (reviewed in [@bib62]), but in most instances their contribution to the regulation of AM symbiosis by P has not been tested functionally. An exception is the report by [@bib1] that a C-glycosylflavonoid accumulated in melon roots upon P starvation, and that supplementation with this compound restored normal mycorrhizal rates under HP. The reduced accumulation of this compound may therefore account for the decreased root colonization under HP. In contrast to the present report, however, the effects of HP were not observed in the first visible stages of the interaction. Two time points were examined by [@bib1]: 25 d and 45 d post-inoculation (dpi). At 25 dpi, the root colonization levels were similar under LP and HP. HP triggered down-regulation of AM symbiosis only at 45 dpi. In agreement with this, an AM-stimulating effect of the C-glycosylflavonoid on HP-grown plants was only observed at 45 dpi. In contrast, in the present conditions the negative impact of HP on root colonization could be observed as soon as the control roots became colonized (28 dpi, [Table 1](#tbl1){ref-type="table"}). Therefore, the mechanisms underlying suppression of AM symbiosis by HP may be different in the two systems. In addition, different plant species produce distinct arrays of flavonoids, making it difficult to extrapolate results from one species to another. Still, flavonoids remain interesting candidates as mediators of the P effect.

In the present experimental system, branching bioassays supported the hypothesis of an effect of P on pre-symbiotic fungal development, since root exudate extracts of HP-grown plants failed to stimulate hyphal branching ([Fig. 2](#fig2){ref-type="fig"}). These extracts did not inhibit the effect of GR24 on the fungus, and therefore appeared to lack branching stimulants that are present in exudates of LP-grown plants. It must be noted, however, that in these experiments ethyl acetate extracts of root exudates were used in order to allow an adequate concentration of the samples. Therefore, it cannot be excluded that in addition to the lack of stimulants in the organic fraction, fungal inhibitors could be found in the aqueous fraction of HP root exudates.

Another possible type of regulatory process is the display of signals on the root epidermal surface. For example, AM fungal hyphae can recognize specific patterns displayed by epidermal cells and differentiate hyphopodia on cell wall fragments of the epidermis, but not of other root tissues ([@bib37]). In addition, hyphopodia are formed on grooves between adjacent epidermal cells rather than on the outer cell wall. Interestingly, cell walls in these grooves appear thinner, looser, and richer in non-esterified pectin as compared with the tangential walls of epidermal cells ([@bib6]). Whether such changes in cell wall composition contribute to the effect of HP on the formation of hyphopodia deserves further investigation.

P supply affects strigolactone production in a systemic manner
--------------------------------------------------------------

Strigolactones, identified as important contributors to the effect of host roots on pre-symbiotic fungal growth and metabolism ([@bib2]; [@bib5], [@bib4]), were obvious candidates to mediate the effect of P supply because their synthesis is known to correlate inversely with P supply ([@bib67], [@bib67]; [@bib35]). In agreement with this, strigolactones were undetectable in root exudates of plants grown under HP. Furthermore, HP supply was able to down-regulate strigolactone production in a systemic manner, as evidenced by the analysis of split-root plants ([Fig. 4](#fig4){ref-type="fig"}). This novel finding is particularly interesting in the context of the hormonal function of strigolactones. Indeed, a recent study has proposed that strigolactones mediate the tillering response to P starvation in rice ([@bib59]). In addition to the effect of strigolactones on lateral bud outgrowth, a role in the control of root architecture has recently been suggested ([@bib31]). This raises the possibility that P supply on one side of a plant affects development of a distant part of the root system through a modulation of strigolactone synthesis. It is already known that modifications of root architecture in response to P availability are integrated at the whole-plant level ([@bib65]), and it would be worth investigating the contribution of strigolactones to this phenomenon.

The analysis of Pi contents in root and shoot tissues of split-root plants ([Fig. 3C, D](#fig3){ref-type="fig"}) revealed that root colonization levels and strigolactone production were linked to shoot Pi rather than to external P availability or local Pi concentrations in roots. This is consistent with the fact that HP exerts a dominant effect over LP in LP/HP split-root plant with regards to mycorrhizal and strigolactone exudation responses, and also with regards to Pi content (in LP/HP plants shoot Pi contents are similar to those of HP/HP plants). However, the signal underlying this systemic signalling remains unknown. [@bib10] proposed that the microRNA miR399 could act as a P starvation-induced signal to stimulate AM symbiosis under low P. MiR399 is known to accumulate in shoots under P deprivation, and to be transported to roots where it targets *PHO2*, a negative regulator of several P starvation responses ([@bib34]; [@bib44]). Interestingly, miR399 expression responded to AM root colonization, but overexpression of miR399 was not sufficient to improve AM root colonization under HP ([@bib10]), suggesting that additional internal signals are required. Other microRNAs expressed in response to AM colonization and/or P supply ([@bib25]) may be alternative candidates as systemic signals.

Strigolactones are not solely responsible for P-triggered down-regulation of AM symbiosis
-----------------------------------------------------------------------------------------

The putative role of strigolactones as mediators of the P effect on AM symbiosis was supported by the good correlation between mycorrhizal colonization and strigolactone exudation in split-root plants ([Figs 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}). Supplementation with exogenous GR24, however, failed to restore AM symbiosis in HP-grown plants ([Fig. 5](#fig5){ref-type="fig"}). These novel results rule out the proposed hypothesis that HP-grown plants are poorly colonized by AM fungi simply because they do not produce strigolactones ([@bib67]*b*; [@bib35]). Although a role for strigolactones in the process is still possible and indeed likely, additional mechanisms remain to be discovered. This is consistent with the proposition that hyphal branching is a complex response involving several classes of compounds ([@bib38]). The present observations do not imply, however, that the absence of additional stimulatory compounds in HP root exudates is the only explanation for the lack of root colonization under HP.

An additional possibility is that the hormonal function of strigolactones (rather than their role as rhizospheric signals) is involved in the regulation of AM symbiosis, for example by influencing root development or the ability of root cells to accommodate AM fungi. This question was not addressed in the present study, and the concentration of GR24 necessary to restore the putative hormonal function(s) of strigolactones in roots is not known. Nevertheless, the hypothesis of a strigolactone requirement at the plant hormonal level is not supported by previous observations that strigolactone-deficient mutants could still be slightly colonized by AM fungi ([@bib23]).

As determined by hyphal branching bioassays, HP conditions do not seem to prevent the stimulation of the fungus by strigolactones. The combination of HP root exudates with GR24 results in an activity similar to that of LP root exudates ([Fig. 2](#fig2){ref-type="fig"}). This suggests that hyphal branching and associated metabolic processes are restored in the supplementation experiment (HP+GR24) described in [Fig. 5](#fig5){ref-type="fig"}. The observation that this is not sufficient to allow root colonization by the fungus or the formation of hyphopodia points towards an effect of HP on steps other than hyphal branching, possibly including the differentiation of hyphopodia.

Conclusion
==========

Collectively, the various reports on the down-regulation of AM symbiosis by P suggest that several successive layers of control operate in roots grown under HP. The experimental conditions used by different authors shed light on one or the other of these control mechanisms. Those described in this report allow the manipulatation of mycorrhizal symbiosis by targeting some of the first events in the interaction, and the testing of a number of hypotheses related to these events. It is demonstrated for the first time that the regulation of AM symbiosis by P is accompanied by a systemic regulation of strigolactone production, an important observation with regards to the hormonal function of these compounds. The decreased strigolactone content under HP, however, does not solely account for the strong mycorrhizal phenotype. The results therefore suggest the existence of additional early signalling events, some of which probably affect the differentiation of hyphopodia. A better understanding of this regulation should reveal important mechanisms required for the symbiosis under favourable conditions, and help circumvent the limitations for this symbiosis associated with the extensive use of P fertilizers in agriculture.

Supplementary data
==================

[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1) are available at *JXB* online.

[Figure S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1)**.** Effect of phosphate concentration on *Gi. rosea* hyphal branching responsiveness to GR24.

[Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq335/DC1)**.** Effect of phosphate fertilization on shoot and root fresh weight.
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